Abstract-This paper introduces a novel field-based scheme for the extraction of a generalized-scattering matrix. A flux-splitting (FS) algorithm that separates the total electromagnetic field into an incident and a reflected part is used for a new definition of power waves. This flux-separation scheme, based on a plane-wave approach of the split waves, originates from finite-volume techniques. However, it can be applied locally in any numerical scheme that uses a volume discretization. To yield correct -parameters, the FS matrix needs to be adapted through introduction of modified wave velocities to match the plane-wave condition. The introduced extraction scheme is applied to the finite-volume time-domain method and compared successfully to reference solutions for TEM and non-TEM structures, both with homogeneous and inhomogeneous cross sections.
I. INTRODUCTION
T HE finite-volume time-domain (FVTD) method is a promising numerical technique with great potential for the simulation of complex electromagnetic problems. Although still quite new in computational electromagnetics, FVTD has already been demonstrated as being applicable for a wide range of problems [1] - [3] . Yet the full potential of FVTD, however, still remains to be unfolded. To pave the way for a broader application range of FVTD, comparable to that of the finite-difference time-domain (FDTD) method, several problems need to be addressed. Among those is the issue of -parameter extraction in single and multimode problems. -matrix determination encounters several difficulties in FVTD since the method relies on unstructured inhomogeneous meshes and, therefore, the -matrix, for example, of a waveguide discontinuity is not easily determined.
In this paper, a novel field-based approach for the extraction of a generalized scattering matrix is proposed. The presented scheme exploits the flux-splitting (FS) algorithm that was introduced for the FVTD method by Shankar et al. [4] . The FVTD method is applied in unstructured inhomogeneous meshes using polyhedral cells to approximate the modeled geometry with a high accuracy. The interaction between two adjacent elementary cells is characterized by mathematically defined fluxes through their shared face. These fluxes can be separated into outgoing and incoming parts, which, for the computation of scattering parameters, are connected to the incident and reflected waves in a port plane [5] .
Although the FS scheme originates from a finite-volume algorithm, its application is not restricted to this technique. The matrix needed for the flux separation can be set up independently of the numerical method on the basis of the electromagnetic fields obtained in the simulation. Therefore, following the FS procedure proposed here, the scattering parameters can be extracted in any numerical method that is based on a volumediscretizing scheme.
In the following, the -parameter extraction scheme is incorporated into the FVTD method [6] , which is briefly reviewed in Section II. A problem introduced by the unstructured mesh of the FVTD is that port planes generally do not coincide with cell boundaries, for example, as in the FDTD method. The question of port definition is then addressed in Section III.
The basic idea of extracting the generalized scattering matrix can be described in the following three parts:
• FS algorithm that constitutes the basis of the proposed scheme (Section IV); • mode-orthogonality relation needed for the extraction of a generalized -matrix (Section V); • power wave extraction yielding the scattering parameters (Section VI).
The flux-separation scheme assumes local plane waves propagating through the elementary cell faces. To assure a correct power density of incident and reflected waves in a port for -parameter extraction, a modified wave velocity of the electric and magnetic fields is introduced in the FS matrix. For validation purposes, the presented field-based extraction scheme is compared to a transmission-line-based approach relying on voltage and current (UI). This approach is borrowed from FDTD [7] and implemented here in the FVTD method. Finally, the FS-based scheme is applied successfully to the extraction of scattering parameters. Four examples are shown. First, a coaxial-torus resonator is investigated, showing the accurate results obtained for TEM structures. Second, the return loss of a circular corrugated horn antenna is computed as an example for non-TEM and radiating structures. Third, a waveguide exhibiting an -plane discontinuity is analyzed and the generalized scattering parameters are presented. Fourth, a waveguide filter loaded with dielectric slabs is analyzed to demonstrate the applicability of the proposed scheme also in structures incorporating inhomogeneous cross sections. In all examples, 0018-9480/$20.00 © 2005 IEEE the FVTD results are compared to solutions from established numerical methods.
II. FVTD METHOD
The FVTD method originates from computational fluid dynamics and has been adapted for electromagnetics at the end of the 1980s [4] , [8] . Implementations of the FVTD method are based on the Maxwell's curl equations that are integrated over a finite volume. Here, tetrahedral elementary cells (four faces) are used. In a discretized form, these integrals for the elementary cell with the volume can be written as (1) where is a vector containing the electric and magnetic fields in the barycenter of cell . can be interpreted as a flux through the triangular cell face with the area and the outward-pointing normal vector . The flux is connected to the electromagnetic field by (2) where and are field values on the triangular face . From (2), it can be seen that the flux only contains field components tangential to the face .
The linear dimension of the tetrahedral cells in the volume mesh is typically specified by a tenth of the wavelength at the highest frequency of interest. When small structural details are resolved, the size of the elementary cells in those regions is reduced accordingly. The necessity to use a single short time step imposed by the smallest cells in the mesh is abolished using geometry-matched local-time steps [9] . A Lax-Wendroff predictor-corrector upwind scheme is used for time discretization providing a second-order accuracy in time. Performing an eigendecomposition and using a local plane-wave approach, an FS algorithm can be applied. For each triangular face, only plane waves propagating in normal direction are considered [6] . The total flux is then separated into an outgoing (superscript ) and an incoming (superscript ) part (3) where: 1) the outgoing flux is determined on the basis of the fields inside the actual cell and 2) the incoming flux is calculated using the field in the neighboring cell . The fields and on both sides of the face , which are required for the computation of the fluxes, are determined by a monotonic upwind scheme for conservation laws (MUSCL) introducing a second-order accuracy in space [6] .
The separation of fluxes into an outgoing and an incoming part can be used for the implementation of a Silver-Müller absorbing boundary condition (ABC), where the incoming fluxes are forced to zero as follows: The exploitation of the FS algorithm for the extraction of a generalized scattering matrix is described in Section VI. The scheme connects the separated outgoing and incoming fluxes to the incident and reflected waves in a port.
III. PORT DEFINITION
A port plane, used for the extraction of scattering parameters, must provide a reference position to enable an unambiguous determination of the phase of incident and reflected waves. In methods using structured meshes, e.g., cubic cells in FDTD, the sidewalls of the elementary cells may be used to build a port reference plane that is perpendicular to the direction of wave propagation. In FVTD, special care must be taken to define port planes since the method is applied in unstructured inhomogeneous meshes. In general, the tetrahedral cells themselves do not form a planar surface and, therefore, an artificial port plane has to be introduced in the model. Such a plane can be realized in two different ways, i.e., either as a discretized surface embedded in the mesh or by an interpolation procedure of the electromagnetic field onto a predefined imaginary regular grid. Both possibilities, implemented and tested successfully, are explained in Sections III-A and B.
A. Discretized Port Plane
In order to force the tetrahedral elementary cells in the mesh to be aligned at one side and, thus, to form a reference plane, an artificial port plane can be introduced in the meshed model. This plane is incorporated perpendicularly to the propagation direction of the waveguide and meshed with triangles. Such a plane can be either located on the boundary of the computational domain (boundary port) or inside the computational bulk (bulk port), as depicted in Fig. 1(a) . Boundary ports can additionally be employed as: 1) source planes impressing a certain field distribution as incoming fluxes and 2) an ABC, where the incoming fluxes are forced to zero preventing unwanted reflections from the boundary. For the extraction of the scattering pa- rameters, field values on both sides of a port plane are used. For bulk ports, these values are obtained from the electromagnetic fields in the barycenters of the adjacent tetrahedra. In the case of boundary ports, impressed fields (sources) are substituting the barycenter values on the back side of the port.
B. Interpolated Port Plane
Alternatively to a discretized plane, ports can be defined by interpolation points on a regular planar grid [see Fig. 1 
Field values in the barycenter of the neighboring tetrahedral cells are used as data for interpolation. The output of the FVTD algorithm yields the field values in the barycenter of these tetrahedra. From these three-dimensional (3-D) scattered FVTD data, two local methods have been tested for extracting field data on two-dimensional (2-D) port grids, which are: 1) a linear fitting with quadratic functions and 2) an inverse-distance weighted Shepard method (improved using spatial derivatives) [10] . Judging the quality of the interpolation results is a difficult problem that requires a somewhat subjective judgment. Considering the smoothness and visual appearance of the obtained results, the linear fitting with quadratic functions seems to yield better results than the Shepard interpolation procedure in the context of the FVTD tetrahedral mesh.
To perform the local fitting procedure for a given point, field values in the barycenters of the cells in the neighborhood of this fitting point are used. In the tetrahedral mesh, those neighboring cells of a fitting point that are accounted for fitting are determined by the following procedure.
Step 1) Determine the tetrahedron in which the fitting point is located.
Step 2) Find all tetrahedra that share at least one node with the starting tetrahedron.
Step 3) Perform a material and boundary check to exclude any discontinuities, for example, such as perfect electric conductor (PEC) boundaries located in between the fitting point and the neighboring tetrahedron. Fig. 2 shows an example of the definition of the neighborhood of a fitting point in a 2-D representation, i.e., using triangles instead of tetrahedra. In three dimensions, typically 20-25 tetrahedra share a single node.
IV. FIELD-BASED WAVE SEPARATION
Starting from Maxwell's equations in a conservative form [6] , the flux through the face , as defined in (2), can be written as (5) where is the outwards-pointing normal vector of the considered cell face . The matrix is given by (6) exhibiting the six real eigenvalues (7) where is the velocity of light in the medium. Using these eigenvalues, the matrix can be split into a positive and a negative part
The matrix is given in (13) , shown at the bottom of the following page, where the following abbreviations are used: (9) By applying matrix (8) , the flux through a face of a cell in the computational mesh can be separated into an outgoing and incoming part. The outgoing part is connected to the positive eigenvalues of matrix and is, therefore, denoted by superscript . The matrix , associated to the incoming wave, can be expressed from the outgoing matrix according to (10) The outgoing flux into cell and the incoming flux from cell , both through face , are then determined using the separated matrix (11) (12) where and are denoting the fields on the face , computed on the basis of the barycenter field values of cell , and , respectively. Fig. 3 shows a 2-D representation of two adjacent cells, where the outgoing and incoming fluxes, defined with respect to cell , are indicated by the light and dark gray arrows. It is important to note that the flux is separated on the basis of the assumption that plane waves are traveling through the cell face in the direction of the normal vector . Hence, the outgoing and incoming fluxes only contain information about the tangential-field values on the triangular face (14) and (15) Knowing the outgoing and incoming fluxes through a face, the tangential fields on this face can be reconstructed from the fluxes. This fact is exploited for the extraction of the scattering parameters to compute the tangential fields of the incident and reflected waves in a port plane.
V. ORTHOGONALITY OF MODES
The total field in a waveguide can be represented by a superposition of single modes decomposed into transversal and longitudinal parts [11] . For the extraction of scattering parameters, only the tangential fields in the port plane are of interest.
Thus, for example, the total time-dependent tangential electric field at position can be expressed as [12] (16) where is the time-dependent amplitude of mode and is the mode-template vector at position containing the tangential-field distribution of mode . In a port plane, the position corresponds to either a center of a triangular face [see Fig. 1(a) ] or to a fitting point location [see Fig. 1(b) ]. In guides with an homogeneous cross section, the following orthogonality relation is valid: (17) where is the area of the face on the port plane. For a discretized port plane, is given by the area of the triangular face, and in the case of an interpolation port, by the ratio of the total area of the port plane to the number of interpolation points.
The mode-template vector has to be known a priori either analytically or from an eigenmode analysis at all points of a port plane. In order to determine the amplitude of a certain mode , the total field and mode-template vector are used as follows:
Similar expressions to (16)- (18) can be found for the -field. However, they are not necessary since, for the extraction of the generalized -matrix, only the electric-field values are used.
The above shown mode projection (18) relies on orthogonality of the modes and is valid only for TE and TM modes in homogeneous guides. For hybrid modes in inhomogeneously filled guides, the following orthogonality relation holds [13] , [14] : (19) where and are the mode template vectors. Thus, the mode amplitude can be found by (20) (13) Obviously, if the wave impedance is constant over the cross section of a port, (18) and (20) are equivalent apart from a constant, namely, the wave impedance. It is interesting to note that even in the case of an inhomogeneous waveguide loaded with a dielectric , (18) holds if the hybrid mode degenerates to a TE mode.
The above shown procedure of mode projection can be exploited both for minimizing numerical noise and for the extraction of generalized scatting parameters in a multimode environment.
A. Numerical Noise
For the correct extraction and a high dynamic range of -parameters on a transmission line, it might be necessary to use a discretization that is much smaller than the commonly used resolution since smaller cells reduce the numerical noise of a simulation. Smaller cells result in higher computational cost regarding memory and CPU time. This can be partly compensated by applying a local time-stepping scheme. However, to further increase efficiency, it is desirable to minimize the number of cells in a model, and a tradeoff between dynamic range and simulation time has to be found. A way to increase the dynamic range of the scattering parameters without decreasing the mesh size in the model is the use of mode projection. An example of the computation of -parameters with and without mode projection in a coaxial torus resonator is shown in Section VII.
B. Multimode Environment
In a multimode environment, each electromagnetic mode on a physical port is assigned to one electromagnetic port . After separating the total field into an outgoing and incoming part following the previously described approach of wave separation, the amplitudes of the incident and reflected waves of mode can be determined using (18) or (20) . With these mode amplitudes, the incoming and outgoing waves in a port can be computed in order to extract the generalized scattering matrix.
VI. -PARAMETER-EXTRACTION SCHEME Here, a novel scheme to perform a fully field-based approach to extract generalized scattering matrices is introduced. The extraction scheme is based on the flux-separation approach explained in Section IV. It can be applied in any numerical method that makes use of volume discretization, and it does not require the support from auxiliary transmission-line parameters.
For comparison, another approach using modal UIs on a transmission line is adapted to the FVTD technique and shown additionally in Section VI-C.
In the following, frequency-domain values, obtained by a Fourier transformation performed on the fly during the FVTD simulation, are denoted with a hat .
A. Full-Wave Approach for Guides With Homogeneous Cross Section
For the extraction of scattering parameters, the tangentialfield distribution of the desired modes needs to be known in the port plane. The total electromagnetic field in the barycenters of the tetrahedral cells in the numerical model is obtained from the FVTD simulation. The total field in the port plane is then determined either: 1) from the adjacent tetrahedra using the MUSCL algorithm or 2) by a fitting procedure using the fields in the tetrahedra in a predefined neighborhood. Applying the FS scheme, the flux through the port can be separated into an outgoing (14) and an incoming (15) part. With an adequate choice of the orientation of a port plane (in other words, the definition of the front and back sides of a port plane, as depicted in Fig. 1) , the outgoing flux can unambiguously be connected to the incident wave , and the incoming flux to the reflected wave in a port.
Since the FS scheme is based on plane waves traveling through the cell's faces in direction of the face's normal vector, the ratio between the electric and magnetic parts of the flux is given by the intrinsic impedance (21) In (21), a guided wave with and components propagating in the negative -direction is assumed. In contrast, the relation of the electric and magnetic fields of the same wave in the barycenter of a tetrahedral cell yields the wave impedance . In a non-TEM waveguide, however, this is not the case and the separated fluxes do not yield proper power waves in a port plane. To assure correct results for the fluxes in the port, the flux matrix given in (13) needs to be corrected locally. This correction is only performed in the frame of the extraction of the scattering parameters and does not affect the general algorithm of the electromagnetic field in the computational domain.
Consider the same wave as investigated above, and a port plane (normal vector ) that is oriented perpendicular to the propagation direction. The outgoing and incoming flux for the electric field using (11)-(13) can be written as
The incident and reflected waves in a port associated with (23) and (24) do not yield the correct power density in a port. To assure the correct computation of the tangential fields in a port, a mode-dependent wave velocity with the permittivity has to be introduced.
Depending on the considered mode of the electromagnetic wave, the modified velocity is characterized by where is the cutoff frequency of the corresponding mode that is known a priori from the mode templates.
Inserting in the lower three lines of (13) If the computation of the magnetic part of the flux is desired, a corresponding modified velocity with the permeability has to be introduced in the upper three lines of (13) .
Since the fluxes are connected to the tangential fields in the port, these fields can now be retrieved as follows:
(31) (32) Equation (30) together with (31) and (32) deliver the correct result for the tangential fields in the port plane. This can be proven by determining the power density of the incident wave (33) The power density of the reflected wave can be verified accordingly.
Now that the incident and reflected tangential electric fields in the port plane are determined, they can be disassembled into single modes, as explained in Section V. Applying the mode projection with the help of the mode-template vector , the mode amplitude of the incident and reflected waves of mode can be determined as follows: (34) The incident and reflected power waves and for mode , delivering the information of the incident and reflected power in a port plane, are defined as (35) where is the wave impedance of the electromagnetic field on the transmission line.
For this pure field-based approach of -parameter extraction, the following a priori information is needed for each mode:
• tangential mode-template vector ;
• propagation constant . Using this information together with the tangential fields (computed with any numerical method) in the port plane, the scattering parameters can be extracted.
B. Extension to Guides With Inhomogeneous Cross Section
In the case of inhomogeneous guides, the correction factor introduced in Section VI-A has to be found in a generalized manner. Depending on the current field components, the correction factor at location is characterized by (36)
These parameters have to be introduced in (13) (as explained in Section VI-A) to compute the flux for the electric field. The appropriate column in (13) has to be chosen in order to multiply the correction factor with the adequate magnetic field (i.e., the same index of correction factor and magnetic field). The mode amplitude is determined by (38) The change of the transverse-field distributions and (mode template vectors) with frequency in inhomogeneous guides can be accounted for by using multiple mode template vectors at different sample frequencies. However, the mode template vectors do not change drastically with frequency. Thus, it is usually sufficient to employ only one template in (38) at a certain frequency [7] . An example of a simulation of an inhomogeneous guide can be found in Section VII-D where the -parameter computation of a rectangular waveguide filter loaded with dielectric slabs is presented.
C. Transmission-Line Approach
The concept of wave separation using power waves on the basis of UI was introduced by Kurokawa in 1965 [15] where the power of incident and reflected waves of a certain mode are defined by (39) The square of the magnitude of the power waves determine the incident and the reflected power on a transmission line. To calculate these power waves, the mode voltage and current and the impedance have to be determined, resulting from an integration over the tangential electric and magnetic field in the port plane. These path integrals are only unambiguously determined in TEM structures.
An extension to this approach, using integral quantities, is presented in [7] by Gwarek and Celuch-Marcysiak. In this scheme, modal UI on a port are defined as (40) (41) where is the electric and is the magnetic mode-template vector (the same as introduced in Section V). Therefore, this approach is applicable to inhomogeneous guides. For the extraction of a generalized scattering matrix, the following definitions of the incident and reflected waves are used:
The impedance is calculated with (43) where the derivatives along the propagation direction (denoted by ) of voltage and current are determined using a standard finite-differencing scheme. In the unstructured FVTD mesh, an interpolated port plane is introduced for the computation of modal voltages, currents, and their derivatives. To enable the use of finite differencing, two auxiliary interpolation planes (similar to the one described in Section III-B) are required in contrast to just one plane needed for the scheme proposed in Fig. 4 . Cut-open geometry of a coaxial torus. Only the triangular surface mesh is shown.
Section VI-A. The two port planes are chosen equally spaced on both sides of the port plane in a distance of a fraction of the wavelength. The electromagnetic-field values on the actual port plane are determined from the values located on the auxiliary planes through arithmetic averaging.
VII. EXAMPLES
The extraction of scattering parameters using the proposed method is shown for TEM and non-TEM waveguide problems. In all examples, the results obtained by the FVTD method using the generalized scattering-parameter extraction scheme introduced in Section VI are successfully compared to reference solutions obtained by CST Microwave Studio (MWS) and/or a mode-matching (MM) approach. Additional examples of successful -parameter extractions using the FVTD method can be found in [5] and [16] .
A. Coaxial-Torus Resonator
The TEM coaxial-torus resonator is fed by a coaxial line with an inner conductor radius of mm and an outer radius of mm. The permittivity of the dielectric material is . The bending radius of the torus, as shown in Fig. 4 , is mm. In the plane, where both coaxial ports are located, the torus is extended by an additional length of mm. The partly cut-open geometry including the triangular surface mesh is depicted in Fig. 4 . The tetrahedral volume mesh is not shown for a better visibility of the geometry. In this figure, the inner and outer conductor and the two boundary port planes are apparent. A Gaussian pulse covering a bandwidth from GHz to GHz is used for the excitation of port 1. The coaxial-torus resonator shows two resonances in this band at GHz and GHz. The reflection and transmission coefficients are plotted in Fig. 5 . Results obtained by the FVTD's FS scheme are compared to a reference MWS solution, showing a very good agreement over the whole frequency range. The advantage to apply a mode-projection algorithm even in a TEM mode environment can be seen in Fig. 6 where a zoom in the second resonance of the coaxial torus is depicted. The solid lines represents the result of obtained by a simulation making use of mode projection and the dashed line depicts the results of the transmission coefficient obtained without a mode-projection scheme. Both results are obtained with the same mesh illustrating that mode projection enhances the dynamic range of extracted -parameters. 
B. Conical Corrugated Horn Antenna
The second example is a conical corrugated horn antenna exhibiting a very low cross-polarization level. The simulation of such an antenna is a demanding task since a high dynamic range is required in the numerical simulation to yield accurate results. The cut-open geometry of a conical corrugated horn is illustrated in Fig. 7 . The design includes 15 corrugations, the first three of which constitute a -to--mode converter, while the remaining corrugations support the converted mode along the horn length. In the design frequency band, the electric and magnetic fields are balanced in order to produce both pattern symmetry and low cross-polarization.
The return loss of the corrugated horn antenna is plotted in Fig. 8 . Results from an FVTD simulation (solid line) using the presented scheme are compared to results obtained by MWS (dotted line) and by an MM approach (dashed line). All three results exhibit a good agreement in the whole frequency band.
C. -Plane Step Discontinuity
The scattering parameters of a rectangular waveguide -plane step discontinuity are computed using both the FS procedure and the scheme using modal UIs. An MM analysis yields a reference solution.
The geometry including the meshed surface is depicted in Fig. 9 . The -plane step discontinuity consists of a transition from a waveguide with the dimension mm and mm to a WR75 waveguide with half the width mm and the same height . The transition is asymmetrical, the WR75 waveguide being displaced by mm with regard to the first waveguide. The port planes are located at the same distance on both sides of the discontinuity ( mm). A Gaussian pulse covering the necessary bandwidth is used for exciting the fundamental mode in the first waveguide. The reflection coefficient for the fundamental mode is presented in Fig. 10 . The solid line displays the MM analysis, and the squares and crosses show the results obtained from the FVTD analysis using the FS and UI scheme, respectively. Both FS and UI extraction approaches deliver very similar results and both are in agreement with the reference solution. This is also the case for the phase of (Fig. 11) , which is very sensitive to simulation inaccuracies. While the previous investigation was focused on the fundamental mode only, the following also takes into account higher order modes. Here, the mode-projection method is used to generate the generalized scattering matrix. Fig. 12 depicts the reflection coefficient from the incident fundamental mode to the reflected mode. Again, the agreement between the FVTD results and MM analysis is good. The reflection coefficient from the incident to modes also shows a good agreement (Fig. 13) . The transmission coefficient for the fundamental mode is plotted in Fig. 14 . The result demonstrates that the use of the FS scheme yields 
D. Inhomogeneously Filled Waveguide
As an example of a guide having an inhomogeneous cross section, a rectangular waveguide filter is chosen. Such waveguides partially filled with dielectric slabs are employed in a variety of components and are comprehensively investigated in literature [17] - [20] . The structure investigated here is taken from [7] , where it also serves as a testing structure for the correct extraction of -parameters in inhomogeneous guides. Fig. 17 shows the cut-open geometry of the waveguide filter. The surface triangulation is not shown for a better visibility. The dimensions of the waveguide are mm and mm. The filter incorporates four dielectric slabs that are centered with regard to and that extend over the full height of the waveguide. The filter is symmetric with respect to the longitudinal center, and all slabs have the same width mm. At the input port 1 and the output port 2, the dielectric slabs exhibit a relative permittivity of . The displacement to the next dielectric is mm. The two slabs located in the middle of the filter (denoted with a light gray color in Fig. 17) are mm long Fig. 17 . Cut-open geometry of the waveguide filter [7] . The triangulation of the surfaces is not shown. The distance between ports 1 and 2 is 14 mm. and have a relative permittivity of . The distance between these two dielectrics is mm. The input port 1 and output port 2 are equidistantly displaced from the filter center by 7 mm. Fig. 18 presents the scattering parameters of the waveguide filter. Results of the FVTD simulation are compared to results obtained by an MWS simulation, which are used as a reference solution. A good agreement is found for the whole frequency range, showing that the proposed method is also applicable in inhomogeneous structures.
VIII. CONCLUSION
A novel field-based scheme for the extraction of generalized scattering parameters has been presented. The proposed method has exploited the flux-separation algorithm that originates from finite-volume techniques. Since all required parameters and the employed FS scheme are already known and naturally included in the FVTD algorithm, this scheme is advantageously applicable in the scope of FVTD simulations. However, the scheme can be applied to any volume-discretizing numerical method both in the time and frequency domains. Since the flux-separation is based on a plane-wave assumption, modified velocities for the electric and magnetic fields have to be introduced in the FS matrix used for the -parameter extraction to assure correct power flows through the port planes. This correction does not affect the general numerical algorithm since it is only used in the frame of -parameter extraction. Four examples, i.e., a coaxial-torus resonator, a conical corrugated horn, a rectangular waveguide discontinuity, and an inhomogeneously loaded waveguide filter, have illustrated the accuracy of the proposed scheme.
